Introduction
WHEN DURING electrical stimulation of irritable tissue with certain values of current density and pulse duration, the stimulation does not cause a response, one is rapidly inclined to raise the total stimulation current or the pulse duration. In the following section it will be proved how far the current level and pulse duration can be raised before electrochemical reactions at the electrodes will disturb the physiological processes, and how easily the limiting values can be determined for a given electrode arrangement. It will be shown that stimulation with a current source is therefore preferred to stimulation with a voltage source.
Polarisation of electrodes
It is taken for granted that, in general, one can distinguish between reversible and irreversible electrodes.
For electrical stimulation, inert irreversible electrodes are usually employed. This means that reactions occurring at the electrodeelectrolyte interface, result in electrical double layers, with corresponding potentials. The electrodes are polarised and it is likely that at the electrode surface chemical reaction products accumulate and even may separate from the solution (gasification) if certain values of stimulating current, pulse width and pulse frequency are exceeded. Because physiological solutions are in general well buffered and often assumed 'perfectly stirred' these electrode processes may not be detrimental to tissue but may certainly disturb the physiological processes at the place of stimulation. It is certain that many experiments where no attention was paid to these phenomena did not succeed, because gasification occurred at the site of stimulation. It is therefore obvious that in general this situation must be prevented and, as will be shown in this paper, the limiting values of the "First received 25th April and in final form 25th September 1975 stimulating-current parameters can easily be established by considering the electrode potentials. These potentials are generally described as follows: for the anode
and for the cathode
where EA' and Ec" are the potentials of the anode and cathode, respectively, operating irreversibly; EA,ev and Ecrev the reversible potentials and ~/,~ and r/c the so called over-potentials. It will be obvious that the value of these over-potentials will be correlated with the state of the electrode processes. These processes are determined by the reaction mechanism at the electrode-electrolyte interface which depends on the electrode material and the composition of the electrolyte. Nevertheless, they always result in an over potential and we can, for the purpose of investigating the limiting values of stimulation current, be concerned with the determination of the overpotentials. A complete stimulation yields:
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where E is the voltage between the two electrodes, EA the anode potential, which passes from Ea,ev to EA' in a time which depends on the electrode processes at the anode, Ec the cathode potential, which passes from Ec,ev to Ec' in a time which depends on the electrode processes at the cathode, j the current density at the electrode surface, p the specific resistance of the biological tissue which has to be stimulated and I the length of the solution bulk between the electrodes, which is approximately the distance between the electrodes because the thickness of the double layers at the electrode surfaces may be the electrode processes. In a low overpotential region, the electrode reactions yield a linear relationship between the current density j and the generated voltage E. In a somewhat higher overpotential region the voltage E is a function of log I (so called Tafel behaviour 
With EA,e~.--Ecrev is constant:
This is shown in Fig. ] .
Therefore, between the electrodes a voltage is present which is the sum of the overpotentials and the potential drop across the volume of the electrolyte between the electrodes. This voltage jpl is directly related to the transport of an electrical current through the solution, which will cause the depolarisation of a biomembrane, the aim of the electrical stimulation. However, this part of the total voltage E across the stimulus electrodes is, in general, small compared with the overpotentials, generated at the electrodes. Therefore, if a voltage source is applied to the electrodes, the development of overpotentials will control the stimulation for the greater part, because the unknown overpotentials decrease the effective voltage considerably. However, using a current source for stimulation, the stimulation current is well defined and it appears that, measuring the corresponding overpotentials simultaneously as a function of time, one will be informed of the state of at the electrodes is saturated and after the buffering capacity of the physiological solution (local redox reactions) is exhausted, SCHULDINER and WARNER (1965) . Because actual gasification has to be prevented, we will now only pay attention to this state of the electrode reactions, and thus to the region where the overpotentials are proportional to ~/t and the current density j. In this case eqn. 5 yields
in which A is a function of the surface area and concentration of species. Thus the recorded potential difference between the two electrodes during a constant current flow will increase with an increasing current density and with the time.
As mentioned above, as a criterion it is presumed that during stimulation no reaction products may leave the physiological solution under any circumstances. Therefore, it is assumed that a certain critical value of E, Ec, and a certain critical value of time t~r, may not be exceeded, so that care must be taken that a certain combination of current density and pulse duration is not exceeded.
Experiments
Although the electrode phenomena described accompany any irreversible electrode reactions, we shall only consider platinum electrodes, as these electrodes are general in use for electrical stimulation. As long as adsorption of monotomic gas occurs at the electrode surface a Platinum electrode behaves as a reversible electrode (and is in use as an oxygen sensor), SPECKMAN and CASPERS (1970) , but as soon as absorption occurs with the evolution of diatomic gas molecules H2 and 02, the electrode process is irreversible and the above mentioned theory for irreversible electrode processes can be used.
During experiments with Platinum electrodes of different diameters in a Ringer solution, voltage curves were recorded during current pulses with different amplitudes and durations. Simultaneously, gasification was studied by means of a microscope. By slowly increasing the pulse duration or the pulse current density (by increasing the total current or by decreasing the electrode area in contact with the solution), it appears that gasification can only be observed with current pulses from which the corresponding voltage curves reach a constant value after a period of time. The point of a curve just before the first: trace of gasification is visible by microscope is the critical combination of Ec, and tc,. In the practice of stimulation, this combination may never be exceeded. In Figs 2a and b the voltage curves are shown for two electrode areas, which are the results of supplying a current pulse with current values of 0.5 to 10 mA and a pulse duration of 5 ms. In each curve, the point (Ec,, to,) is given, being the point for which gasification can be observed for pulses which have a longer duration or a higher amplitude. The points (Ec,, to,) are connected to each other by means of a dashed line, which obviously separates the horizontal parts and the nonhorizontal parts of the voltage curves. The dashed line shifts to the left for higher current densities (Fig. 2b) .
Note that the falltime of the recorded voltage curves (when the current is switched off) has a much longer duration than the risetime. The reason for this is that during the current pulse, the electric current governs the ionic migration, while this only occurs by diffusion after the current is switched off. This phenomenon is called 'Faradic rectification ', EYRING (1970) . During the recordings of Fig. 2 , a pause was observed until the electrode potential had almost returned to zero before the next current pulse was generated. If this is neglected, a disturbance of the voltage curves as a function of the pulse interval time will also be observed, resulting in a shift of (Ec,, to,) to lower values with decreasing interval time (increasing stimulation frequency). This is shown in Fig. 3 where the curves which correspond with a stimulation frequency of 10 and 100 pulses per second reach, after a period of time, a constant value. However, using the same current density per pulse but with a lower stimulation frequency the critical point Ec,, to, is not exceeded.
From the recordings of Figs. 2 and 3 , it can be concluded that stimulation with a certain pair of electrodes is only tolerable with combinations of current density, pulse duration and pulse rate, not exceeding the critical point (go,, to,) . In practice, this can be easily seen on the recorded voltage between the stimulation electrodes in the case of current stimulation. The voltage pulse must not reach a constant value. Increasing the current density or pulse rate forces a decrease in the pulse duration when a plateau in the voltage curve is observed. Increasing the pulse duration also forces a decrease in the current density or pulse rate as soon as a plateau in the voltage curve is observed. If stimulating a nerve or muscle fibre with an arbitrary current and pulse duration does not result in a contraction, while the voltage curve marginally is beginning to reach a plateau, the stimulation electrodes have to be inserted nearer to the nerve or muscle fibre to be excited, or bigger electrodes (larger area) have been used in order to be able to increase the total stimulation current.
Summarising, it may be concluded that stimulation by means of a current source can be well defined and also provides a possibility for testing the tolerable values of the pulse amplitude, duration and rate. This test can easily be performed during the stimulation by recording the voltage developed between the electrodes by the current pulse. To ensure a minimal molecular gas generation or other objectionable irreversible reactions, this voltage must never reach a constant value.
